Abstract: Rhenium avoids air degradation of the target as well as of precursor thin films during the preparation of high temperature Tl-based superconductors. Addition of Re has been used during synthesis of oriented Tl(Re)-Ba-Ca-Cu-O films. High temperature superconducting Tlbased thin films were prepared by a two step method combining RF magnetron sputtering and ex-situ thallination. Precursors with a composition of Re 0.1 Ba 2 Ca 2 Cu 3 O x were deposited on a CeO 2 buffered R-plane sapphire substrate. The sputtered films were prepared at room temperature in an Ar atmosphere. The thallination of the precursor films was performed in a one zone configuration, where both the pellet and precursor film were kept at the same temperature. The thallination temperature varied in the range of 850 -880
Introduction
The Tl-based high temperature superconducting thin films are highly attractive for application as passive microwave devices. Possible candidates for this application that show a T c value above 100 K are Tl 2 Ba 2 Ca 2 Cu 3 O 10 (Tl-2223) and Tl 2 Ba 2 CaCu 2 O 8 (Tl-2212) [1] , where a supposed working temperature of 77 K (sufficiently below T c ) seems to be suitable for the integration of passive superconducting elements with active semiconducting elements.
R-plane sapphire (110 2) is the preferred substrate for the preparation of thin films, especially for microwave applications. This substrate has a low dielectric constant and high mechanical strength [2] . R-plane sapphire is highly chemically reactive towards TlBa-Ca-Cu-O films and shows a mismatch of ε = 17%. Suitable buffer layers, which would act as an efficient diffusion barrier and improve lattice matching, are CeO 2 films. They seem to be good candidates, which provide an appropriate lattice matching (ε = 0.5%) for Tl-based superconducting films [3, 4] .
It is known that Re doped precursors and pellets improve the formation, chemical stability and magnetic properties of Hg-based cuprate superconductors [5] . Rhenium substitutes Hg in the form of Re 6+ and this partial substitution increases the metallization of O-Hg-O links and reduces the CuO 2 interplane distance [6] . Experiments with Tl-based superconductors showed that Re doping also improves the chemical stability of the thallination pellet and target used for sputtering and does not influence the superconducting properties of the films [7] .
The Tl-2223 phase shows good superconducting parameters (T c , J c ), however, the synthesis of this phase in pure form is a difficult task [8, 9] . We report here the preparation of Tl(Re)-Ba-Ca-Cu-O superconducting thin films using RF magnetron sputtering for preparation of precursor films and ex-situ thallination in open system. We searched for the reaction conditions of the thallination (temperature, time and the thallium partial pressure given by the content of Tl 2 O 3 in the thallination pellet) that would favor the formation of the Tl-2223 phase.
Experimental
High temperature Tl-based superconducting thin films were prepared by a two step process. The first step was the preparation of precursor films (having a thickness of about 200 nm) with a composition of Re 0.1 Ba 2 Ca 2 Cu 3 O x on a CeO 2 buffered R-plane sapphire substrate. The precursor films were deposited from the target of the same stoichiometry by RF magnetron sputtering at room temperature in an Ar atmosphere at a pressure of 20 Pa. The deposition rate was 0.3 nm/s and a magnetron power of about 80 W was used.
The second step was a thallination of the precursor films. We used a one zone configuration, where both the thallium source and precursor films were kept at the same temperature. The precursor film was wrapped jointly with a source of thallium in silver foil and inserted into an alumina crucible. The samples were thallinated at 850 and 880
• C in a flowing oxygen atmosphere. The precursor powder Re 0.15 Ba 2 Ca 2 Cu 3 O x was prepared by a sol-gel method. The synthesis was performed by an acrylamide sol-gel process to obtain very fine powders. This method has been described elsewhere [10] .
The final films were characterized by resistance vs. temperature R(T ) measurement using a standard dc four probe technique. The resistive transition curves were characterized by T on (temperature at the onset of the transition), T cm (temperature at R = 0.5 R on , where R on is the resistance at T on ) and T c(0) (zero resistance critical temperature). The phase composition of the final films was analysed by X-ray diffraction in back reflection configuration (θ -2θ, CuK α ). The thickness was measured using stylus profilometry with talystep. Scanning electron microscopy (SEM) was performed using HITACHI field emission S-800.
Results and discussion
The precursor films Re 0.1 Ba 2 Ca 2 Cu 3 O x sputtered on the top of the CeO 2 buffered Rplane sapphire were thallinated, with the sources of thallium having the following compositions: Tl Firstly we used the thallination pellets of composition A and B for thallination of the precursor films at 850
• C for 45min. Homogenous black films with thickness of 200 nm were obtained. If pellet A was used for thallination, the X-ray diffraction (XRD) analysis showed the presence of the c−axis oriented Tl-2212 phase (Fig. 1a) . In the case when pellet B, with a lower Tl content, was used, the formation of the Tl-1212 phase was observed in addition to Tl-2212 (Fig. 1b) . It has been suggested that the Tl-1212 phase may be formed by annealing at low thallous oxide partial pressures [11] . The measured values of the critical temperatures of the prepared samples were comparable (Fig. 2a, b) . It can be concluded that the lower content of Tl in the reaction system at above conditions (850 • C / 45 min) leads to the formation of a Tl-1212 admixture in the Tl-2212 phase.
However, the R(T ) dependence measured by the resistive technique, which is probably determined by the majority Tl-2212 phase in the film, was not significantly influenced. In open system, the formation path for the Tl-2223 phase implies Tl-2201 and Tl-2212 intermediates according to the sequence: precursor → Tl-2201 → Tl-2212 → Tl-2223 [11, 12] . For the growth of the Tl-2223 phase annealing at higher temperatures and lower Tl content in the source pellet is necessary [11] . • C / 45 min using pellet B.
The thallination of the precursor film Re 0.1 Ba 2 Ca 2 Cu 3 O x using pellet A at 880
• C for 45 min led to the Tl-2212 phase, as it had at 850 • C. After thallination with pellet B a mixture of Tl-2223, Tl-2212 and Tl-1212 was formed, where the main phase was Tl-2223 (Fig. 3) . The prepared film showed an onset critical temperature T on = 131 K, which is typical for the Tl-2223 superconductor (Fig. 4) . However, the value of T c(0) = 84 K was determined by the content of Tl-2212 and other phases with suppressed T c (mainly in the intergranular region) of the film. The morphology of films with plate-like grains and with main Tl-2223 phase is shown in Fig. 5 . 
Conclusion
Thin films of Tl-based high-temperature superconductors were prepared on a CeO 2 buffered R-plane sapphire substrate by a two step method: RF magnetron sputtering and ex-situ thallination in a flowing oxygen atmosphere. The influence of the thallination time and temperature on the phase composition and on the superconducting properties of the prepared films was more distinct in the case of the Tl source with lower Tl content. If a thallination pellet with higher Tl content was used only the Tl-2212 single phase was formed, without reference to the time and temperature of the thallination. The conditions favoring the formation of the Tl-2223 phase were annealing at 880
• C / 45 min and using a source of lower Tl content. In this case a mixture of superconducting Tl-2223 and Tl-2212 phases was obtained. The resistive R(T ) dependence measurement showed T on = 131 K, a value that is characteristic for Tl-2223. On the other hand the value of T c(0) = 84 K was determined mainly by phases with suppressed T c in the intergranular region. Further work on the synthesis of thin films containing a pure Tl(Re)-2223 phase is necessary.
